• Question: How are preoperative estimated glomerular filtration rate and postoperative acute kidney injury (AKI) associated with hospital mortality in the 30 days after surgery? • Findings: After accounting for comorbid disease and severity of surgery, AKI remained strongly associated with risk of death while the association between estimated glomerular filtration rate and mortality was U-shaped.
M ore than 300 million surgical procedures are performed worldwide every year. 1 Estimates of morbidity and mortality vary. [2] [3] [4] However, recent data suggest that as many as 75 million patients will experience a postoperative complication, leading to 2 million deaths each year. 5, 6 Acute kidney injury (AKI) is now widely considered to be a key postoperative complication, linked to increased risks of infection, prolonged hospital stay, and mortality. [7] [8] [9] [10] [11] [12] The findings of a large registry study of 3.6 million surgical patients demonstrated an AKI incidence of 12%, 9 while a recent meta-analysis of studies of AKI after major abdominal surgery described a pooled incidence of 13%. 7 The severity and nature of the operative procedure, age, comorbid disease, and intercurrent conditions such as sepsis have all been associated with postoperative AKI; however, across all settings, chronic kidney disease (CKD) is consistently identified as a leading association with the development of AKI. 9, 10, 13 Given this strong association with AKI, it is not surprising that preexisting CKD is also strongly associated with postoperative mortality. [14] [15] [16] [17] However, it remains uncertain whether this relationship depends on the development of AKI or represents an independent risk of mortality associated with the CKD phenotype.
We performed a prospectively planned analysis of the incidence and association of AKI with postoperative outcomes using data collected during the International Surgical Outcomes Study (ISOS), which described patient outcomes after elective surgery in 27 low-, middle-, and high-income countries. 6, 18, 19 Based on previous single-center findings, 12 we hypothesized that the relationship between CKD diagnosis and death would be associated with the development of AKI. Our primary objective was to determine the association between the occurrence and severity of AKI and hospital mortality, using a multivariable model to account for potentially confounding patient and surgical variables, including preoperative creatinine-based estimated glomerular filtration rate (eGFR).
METHODS Data Collection
This was a prospectively defined analysis of data collected during an international 7-day cohort study of adult patients undergoing elective in-patient surgery. Patients undergoing day-case, radiological, and emergency procedures were excluded. The methods of this study have been described previously. 6 The study was approved by the Yorkshire & Humber Research Ethics Committee (Reference: 13/YH/0371) with waiver requirement for written informed consent as an anonymized analysis of routinely collected patient data. Data were collected until hospital discharge and censored at 30 days. Only hospitals returning valid data describing ≥20 patients, countries with ≥10 participating hospitals, and patients with complete mortality data were eligible for inclusion in the core ISOS dataset. Postoperative AKI was graded by local investigators according to the Kidney Disease Improving Global Outcomes 2012 AKI guidelines. 20 eGFR was calculated from age, sex, preoperative serum creatinine, and ethnicity using the CKD-Epidemiology Research Group creatinine formula. 21 
Objectives
Our primary objective was to assess the independent association between hospital mortality in the 30 days after surgery (outcome) and exposure to postoperative AKI, accounting for prior renal function and other available variables potentially associated with postoperative death or AKI in multivariable logistic regression. Our secondary objective was to investigate postoperative AKI as an outcome variable, examining its independent associations with preoperative clinical and demographic data and nature of surgery as exposure variables, which enabled us to better understand patient characteristics associated with AKI that could potentially confound assessment of the relationship between AKI and mortality.
Data Analysis
We used the Strengthening the Reporting of Observational Studies in Epidemiology statement guidelines for reporting observational studies. 22 All analyses were performed using R version 3. For our primary analysis, we examined the independent association between mortality within 30 days of surgery and postoperative AKI in a multivariable logistic regression model. For mortality modeling, all available biologically plausible potential associations were included in an initial maximal model before variable selection; these were age, sex, current smoker, American Society of Anesthesiologists (ASA) physical status score, preoperative comorbidities (ischemic heart disease, heart failure, diabetes mellitus, metastatic cancer, cirrhosis, stroke, and chronic obstructive pulmonary disease or asthma), surgical procedure category, grade of surgery (minor/intermediate/major), laparoscopic surgery, preoperative hemoglobin, preoperative eGFR, and postoperative AKI. Detailed data on intraoperative events and physiologically monitoring were not available in the ISOS dataset. We did not consider other postoperative complications in the modeling process because of the complex interrelationship with development of AKI. Missing predictor variable values were handled by case-wise deletion. To minimize the inflation of degrees of freedom in our models, surgical procedure categories were merged as follows: upper gastrointestinal, lower gastrointestinal, and hepatobiliary into "abdominal surgery"; cardiac and thoracic surgery into "cardiothoracic"; and breast, neurosurgery, head and neck, gynecology, plastics, and cutaneous surgery were merged into "other." Orthopedic, urology and kidney, and vascular surgery were retained as independent categories. The largest category (orthopedics) was designated the reference surgical category. Similarly, ASA grades I and II were merged and used as the reference category. Because we expected a nonlinear relationship between preoperative renal function and postoperative outcomes, we prespecified inclusion of eGFR as a continuous predictor fitted to a restricted cubic spline with 5 knots. In addition, to account for changes in renal function with age, we prespecified examination of an interaction term between age and eGFR in mortality-model development. Bootstrap stability was used to select risk factors into the model. This approach estimates the proportion of times a risk factor would be selected into the model if a different random sample of patients were taken each time. Backward variable selection, based on minimization of the Akaike Information Criterion as the threshold for exclusion (equivalent to a P value for exclusion of .15), was performed within each bootstrap sample. Risk factors selected using this backward selection approach in least two-thirds of bootstrap samples were included in a minimum model. The interaction between glomerular filtration rate and age (selected on the basis of biological plausibility) was then added to the model, with the criterion for selection of the interaction was a P < .05 in at least two-thirds of bootstrap samples. 23 To facilitate model selection and presentation of CIs for model predictions, the primary mortality analysis was performed as a single-level model; however, in a sensitivity analysis also examined the association between AKI and in-hospital mortality using a mixed-effects logistic regression model with a random intercept for country. Finally, we also assessed whether the association between AKI and mortality differed according to a national income status (high-versus middle-income countries) using an interaction test. Modeling of preoperative predictors of the development of AKI was performed in a similar fashion using a single-level logistic regression including national income status.
RESULTS

Description of Dataset
The ISOS study predefined core dataset described 44,814 patients from 474 hospitals in 27 countries. 6 From this, we excluded a further 16 patients with incomplete demographic data, 8291 patients with no recorded preoperative serum creatinine, and 150 patients with implausible baseline creatinine data, leaving 36,357 patients from 19 high-income countries (22,186 patients) and 7 middle-income countries (14,171 patients) for this analysis (Supplemental Digital Content, Figure 1 , http://links.lww.com/AA/C649).
Univariable Analyses
Preoperative clinical and demographic characteristics are presented by AKI category in Table 1 and operative and anesthetic details in Table 2 . Overall, 196 of 36,357 patients (0.5%) died within 30 days, 743 patients (2.0%) developed AKI, and 73 of 743 (9.8%) patients with AKI died in hospital with 37% of deaths after surgery being preceded by an AKI diagnosis. In the 13,918 patients classified as having major surgery, the incidence of AKI was 4%. The incidence of AKI reported in middle-income countries was 0.8% compared to 2.9% in high-income countries (P < .001); however, when AKI occurred, patients in middle-income countries were more likely to die: 24 of 107 (27%) lww.com/AA/C649). The categorical variable next most strongly associated with death was ASA grade.
Multivariable Mortality Model
We examined the relationship between postoperative AKI and hospital mortality, adjusting for the confounding effect of other variables independently associated with risk of death after surgery. After variable selection, age, eGFR, ASA grade, preoperative hemoglobin, smoking status, metastatic cancer, stroke, surgical specialty, laparoscopic surgery, and severity of surgery were retained in the final logistic regression model (Figure 1 (Figure 1) . Finally, as a sensitivity analysis, we examined a model with forced inclusion of any preoperative variables that were significantly associated with development of AKI that were not included in our mortality model after selection (previous diagnoses of heart failure or cirrhosis); in this analysis, the association between mortality and AKI was essentially unchanged 
Relationship Among eGFR, Age, AKI, and Mortality
The relationship among preoperative eGFR, age, and AKI in our final model is illustrated in Figure 2 . All AKI stages remained associated with hospital mortality. Both extremes of preoperative eGFR were associated with risk of death. However, in the absence of AKI, patients with low baseline eGFR did not confer a high mortality risk (Figure 2A ) was associated with increasing mortality risk among patients at or above the median age. Younger patients with low eGFR at baseline were at an increased risk of death approaching that of older patients without baseline renal dysfunction (Figure 2 ). This complex relationship between eGFR and risk of death only becomes fully apparent after inclusion of an interaction term between age and eGFR and of AKI diagnosis in the modeling process, as illustrated in Figure 3 .
Country and National Income Variation
When modeling was repeated using a mixed-effects logistic regression model with a random intercept for country, ORs for fixed-effect covariates and model predictions remained near identical to the single-level model (Supplemental Digital Content, Figure 2 , Table 2 , http://links.lww.com/ AA/C649). In interaction testing of our primary model, AKI diagnoses were associated with higher risk of death in middle-income countries (significant interaction between AKI and national income status [P < .001]; Supplemental Digital Content, Figure 3 , Table 2 , http://links.lww.com/ AA/C649). No low-income countries in ISOS provided preoperative creatinine data, and hence only middle-and highincome countries were included in this substudy.
Multivariable Modeling for AKI
We examined the preoperative variables associated with development of AKI. After variable selection, the final model included the following variables: gender, ASA grade, heart failure, cirrhosis, severity of surgery, laparoscopic surgery, preoperative hemoglobin, surgical procedure category, country income category, and preoperative eGFR (Supplemental Digital Content, Figure 4 and full specification of model in Box 2, http://links.lww.com/AA/C649). In this model, preoperative eGFR was strongly associated with AKI with an inflection point followed by progressively increasing risk of AKI with eGFR below 90 (Supplemental Digital Content, Figure 5 , http://links.lww.com/AA/ C649 ). There were lower odds of AKI diagnosis in middleversus high-income countries.
DISCUSSION
Our findings support AKI as a sentinel postoperative complication strongly associated with death after surgery. We found that in patients with previous CKD, low eGFR was associated with only a small increase in predicted mortality in absence of AKI, highlighting AKI as a potentially pivotal complication and bridging preoperative characteristics and outcomes. As an additional important finding, we demonstrated that creatinine-base eGFR above 90 mL·minute −1 ·1.73 m −2 at older ages was associated with increased predicted risk of death.
Comparison With Previous Studies
Rates of AKI in the ISOS cohort were low, at 2% in all patients and 4% in more severe surgery compared to reported of 6%-30% in previous studies in major surgery. 7, [9] [10] [11] [12] The lower incidence of AKI may reflect a younger age group, lower incidence of comorbid disease, and different surgical casemix in the global ISOS population. In addition, routine postoperative creatinine measurement could be less frequent in middle-income countries, reducing potential to diagnose incidental, mild AKI. Overall, AKI stage 1 comprised only half of all AKI events in ISOS, compared to three-quarters of cases in other large reports.
9,10 Despite these differences in AKI incidence, the association between increasing AKI severity and mortality mirrors that seen in existing retrospective studies in high-income countries. In a study of 161,185 US veterans undergoing major surgery, there was an adjusted rate ratio of 6.7 for hospital mortality with any stage of postoperative AKI, with an 8-fold greater risk in patients experiencing stage 3 AKI compared with stage 1 AKI. 9 Similarly, in a study of 39,000 patients undergoing major surgery in Germany, adjusted ORs for hospital mortality of 2.2, 3.8, and 15.6 were reported for AKI stages 1, 2, and 3, respectively.
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While the associations between CKD and postoperative AKI, and AKI and death are not novel findings, [15] [16] [17] 24 ,25 most previous investigators have not considered the impact of AKI when exploring associations between CKD and mortality, nor have they explored eGFR as a continuous risk but rather dichotomized into arbitrary CKD categories, reducing statistical power. Furthermore, in most studies examining preoperative renal function, eGFR >90 was considered as a reference category, precluding exploration of the association between higher eGFR and outcome. 15, 16, 24 We , approximately the midpoint of quantile 4 (87.5th percentile) versus the mid of quantile 1 (12.5th percentile) as reference, indicating that in the majority of the older population, a higher eGFR was indicative of increasing risk of death. To account for modeled age: eGFR interaction ORs for eGFR as shown for the median age (58 y) and for age at the median eGFR (90 mL·minute ). (Full model specified in Box S1, https://doi. org/10.1007/978-1-4757-3462-1). AKI indicates acute kidney injury; ASA, American Society of Anesthesiologists; eGFR, estimated glomerular filtration rate; OR, odds ratio; PMH, past medical history; Pre-op, preoperative. also accounted for 2 important confounding factors in our modeling. First, serum creatinine concentration is directly related to the mass of muscle from which it is derived, so that apparently high eGFR could reflect cachexia and poor physical condition. Second, because both renal function and muscle mass tend to decline with age, the relationship between creatinine-based eGFR and risk of death is likely to be age dependent. Our finding of a U-shaped relationship between eGFR and risk of death is in keeping with a large retrospective study in abdominal surgery where the highest category preoperative eGFR was associated with increased mortality. 17 Because a truly high glomerular filtration rate is likely to be biologically implausible in older patients, this grouping is likely to identify patients with low muscle mass, who are independently at increased risk of postoperative death. Finally, our analysis also demonstrates that younger patients with CKD have predicted risks of death approaching those of much older patients with the same level of renal function. This suggests that younger patients with advanced CKD represent a very high-risk group compared to their age-matched peers with normal renal function, in keeping with the association between CKD and a prematurely aged phenotype, 26 and/or the presence of other serious comorbid conditions in this group.
Strengths and Weaknesses
As a secondary analysis of ISOS, the strengths of this study include the large number of consecutive patients prospectively enrolled worldwide. A simple data set of objective, routinely collected, and easily transcribed variables minimized missing data and maximized data fidelity. Due to the short period of data collection, the study was unaffected by changes in patterns of care and differences in definition of AKI. There are, however, also limitations to our analysis. While ISOS dataset is international, there were varying degrees of participation in middle-and high-income countries. The low incidence of AKI suggests inclusion of only more clinically overt AKI, so that risk associated with AKI may be smaller if AKI surveillance is better. Thus, due to differences in AKI diagnosis rate and smaller number of patients, we cannot attribute the larger association between AKI and risk of death in middle-income countries to differences in care. Furthermore, definitions of surgical specialties and severity of surgery fail to capture detailed information on the procedures, and these may vary greatly Figure 2 . The effect of preoperative eGFR, age, and AKI status in the model for hospital mortality incorporation, an interaction between patient age and preoperative eGFR (Box S1). Values plotted for an ASA III patient undergoing major abdominal surgery with all other covariates and factors at median/reference values. Probability of death in hospital plotted versus eGFR at ages 35, 58, and 76 representing the 12.5th, 50th, and 87.5th percentiles of age distribution (mid Q1, median and mid Q4) for each AKI category. Distribution of preoperative eGFR values (Kernel density) according to AKI status and age (quartile 1, quartiles 2-3, and quartile 4) is presented above; predictions at the extremes of eGFR, where there is a small amount of source data are less reliable. AKI indicates acute kidney injury; ASA, American Society of Anesthesiologists; eGFR, estimated glomerular filtration rate.
around the world. Overall, further studies in diverse surgical populations are required to confirm and generalize subgroup analyses.
Because AKI diagnoses were determined locally, we have no information on breakdown of AKI definitions by urine output or creatinine criteria; however, because few patients are likely to have had hourly urine output recording, our results are likely to predominantly reflect creatinine-based diagnosis. Nor do we have details on timing of AKI diagnosis after surgery. In addition, many potential AKI risk factors are unavailable in the ISOS dataset, most importantly intraoperative variables including duration of surgery and physiological variables during and after anesthesia. Furthermore, while we have suggested that the relationship between higher eGFR and mortality at older age may relate to low muscle mass, we have no height or weight data to corroborate this hypothesis. Finally, despite the strength of the association seen between AKI and risk of death in this and other studies, retrospective associations cannot fully answer questions of causality. However, the strength of the observed effect, the biological gradient of the association between AKI severity and risk of death, the consistency of these results with a range of other studies, [8] [9] [10] [11] 27 and plausible mechanisms involving "organ cross-talk" 28 satisfy many of the epidemiological criteria for causation. 29 
CONCLUSIONS
These findings confirm AKI as a clinically meaningful and easily measurable surgical outcome strongly associated with risk of death. In an international surgical cohort, preoperative CKD was the strongly associated with AKI; however, the majority risk of death in CKD appears specifically associated with occurrence of AKI. In addition, abnormally high eGFR (a low serum creatinine) among older patients was also associated with increasing risk of death. E Accounting for age: eGFR interaction and the effect of AKI on mortality modeling. Models included same variables described in Figures 1 and 2 . Plots display predicted risk of death for an ASA III patient undergoing major abdominal surgery with all other covariates and factors at median/reference values. Probability of death in hospital is plotted versus preoperative eGFR at ages 35, 58, and 76 representing the 12.5th, 50th, and 87.5th percentiles (mid Q1, median and mid Q4). A, Model without age: eGFR interaction term. B, Effect of allowing for age: eGFR. C, Final model including AKI with risk plotted for "No AKI" (scaled version of Figure 2A ). When eGFR is considered as a nonlinear spline without interaction terms (A), there is increasing risk with lower eGFR (as previously described). However, when interaction with age is accounted for a U-shaped relationship between eGFR and postoperative risk becomes apparent (B), so that apparently high eGFR in older patients confers higher risk, while low eGFR in younger patients has a much greater effect than appreciated without the interaction. Finally, when absence of AKI diagnosis is also accounted for the increasing risk of death associated a falling eGFR is small and the absolute mortality remains small even at very low eGFR (C). AKI indicates acute kidney injury; ASA, American Society of Anesthesiologists; eGFR, estimated glomerular filtration rate.
